Malaria is a leading parasitic disease endangering the lives of half of the world's population. Microfluidics paves way to indispensable portable sensors to enable early sensing hence defend lives. In this paper, we demonstrate a portable sensor based on dielectric spectroscopy capable of pre-diagnostic and malaria parasite detection. The complete sensor system consists of the separation zone to separate the white blood cells and the detection zone, which is connected to portable impedance circuit board to measure the dielectric value of red blood cells to detect the infection. The current work highly emphasize on the separation part only while a little light is shed on detection zone.
Introduction
An impediment faced by several developing countries is the malaria infection that imposes a heavy toll on disease prevention, treatment and drug invention [1] . The disease starts from a simple mosquito bite and impels to brain damage, fetal loss, severe anaemia, nevertheless, mortality. Sensing the disease is important for treating it, although long examination hours, labour intense and inadequate resources restrain early sensing. Additionally the available portable technologies face several problems including high power or storage requirement, expertise for handling, species-specific type and expensive nature. Hence, there arises a strong need for an accurate sensory system capable of producing referral laboratory results, yet, fast, portable and cost effective.
Microfluidics enables fast and accurate parasite detection through sensing either optical, magnetic, mechanical or electrical properties of the host cell as the parasite modifies them all [2] [3] [4] [5] [6] . The flow cytometer, Polymerase Chain Reaction (PCR) and gene chips empower speciation, high accuracy and sensitivity but they are delicate, non-portable and expensive [2] . Rapid diagnostic test (RDT) kits act as a portable self-disease monitoring system but they are limited to species-specific antigen [3] . The highly sensitive PCR technique has been simplified as Nucleic Acid Lateral Flow Immuno Assay (NALFIA) [4] .
Although it is claimed more sensitive than RDT, it again suffers the need for trained technicians, housing for thermal cycler and cold storage for PCR reagent. Another approach of screening malaria through impedance measurement has been developed and experimented on cultured sample [5] . Yet, the issue of handling whole blood sample has not been addressed.
In this paper, we propose an electrical property-based biosensor system based on dielectric spectroscopy capable of cell separation and parasite detection. Cell separation is made utilizing cross-flow based microweir separation structures. This paper concentrates on the separation region where emphasis is made on designing and simulating the separation system, fabrication of the separation chip and testing the separation process using microbeads. The results of the experiment and simulation are then compared using statistical procedure to ensure validation of the system. Also a little knowledge is shared about the detection zone which will be fabricated and integrated to the current separation zone to create a portable LoC system for malaria detection.
Proposed Malaria Detection System
The malaria parasite modifies the host cell (i.e. red blood cell) membrane properties as well as disturbs its ion composition leading to changes in dielectric value based on the infectious stage [6] . The proposed biosensor system enables parasite sensing through dielectric measurement. The system requires that every red blood cells (RBCs) must be encountered in the sensing region for analysis and hence for estimating parasitemia. This leads to fabricating narrow channels to channelize the movement of single RBC at a time. Since, the sizes of blood cells vary and with the largest being the white blood cells (WBCs), cell separation is needed before the sensing region to avoid clogging.
Microweir, the passive and size-based micro separation structures is utilized here to enable cell separation. They are built along the channel at the regions of interconnection between the blood and buffer channel; hence filtering out WBCs before the other blood cells reaches the buffer channel as shown in Fig. 1 .
The separated RBCs then pass through the sensing region where the bonded Indium Tin Oxide (ITO) electrodes enable dielectric measurement. The electrodes are connected to portable impedance circuit board enabling the parasite detection over the interested frequency range. 2 shows the proposed prototype of the complete system. The inlets need to be connected to automated syringe pump to control the blood and buffer flow rates. Since the probe chip uses inexpensive microscopic glass slide and ITO instead of gold as electrode material it sets disposal at ease. Sample contamination is highly eliminated here to ensure precise results. The present work focuses more on improvising the cell sorting mechanism through simulation and real experiment and the future work will focus on the dielectric detection principle.
Methodology

Simulation of the system
The sensor system is pre-studied through COMSOL Multiphysics simulation. Laminar flow physics is chosen to calculate velocity profile and Particle Tracer physics is chosen to calculate particle velocity and particle count at the outlets. Human blood is modelled as a Newtonian fluid as it is a valid assumption under microenvironment since they experience large shear stress [7] . No slip boundary condition is assumed for the wall and zero pressure is assumed at the outlet. The complete geometry is meshed with tetrahedral mesh and the system is simulated. In addition, different electrode geometries like circle, triangle, interdigitated and rectangle with same dimension are simulated. The distance between the electrodes is varied from 2.5 µm to 10 µm to understand their impact on dielectric measurement and to calculate the electric field strength inside the microchannel.
Sensor fabrication and Package
The microfluidic separation chip is only fabricated at this stage through conventional UV lithographic process on AZ1518 positive photoresist [9] . Future work will make use of polydimethylsiloxane (PDMS) for making channels. Briefly, the cleaned glass slides are spin coated with the positive photoresist. The channel patterns are developed on the photoresist following the softbake and UV exposure through lithographic mask. Similarly the microweir structures are fabricated in another glass slide. The inlet and outlet holes are drilled and the slides are thermally bonded. It is followed by UV gluing procedure to make the complete separation system having the channel and weir patterns.
The sensing region, which incorporated the narrow microchannel of 5µm width and bonded with ITO electrodes, will be fabricated in the future by lithographic process followed by wet etching on the ITO coated slides. Later, the electrodes will be bonded and connected to the portable impedance circuit board for dielectric measurement.
Experimental Separation
The separation process is made using fluorescent beads (Magsphere Inc., US) of sizes 2, 3 and 5 µm to represent healthy RBC, iRBC (infected red blood cell) and WBC respectively [10] . The automated syringe pump (Orion M361, Thermo Scientific) is used to regulate the sample flow rate of 0.03ml hr . Phosphate Buffer Saline is used as the buffer solution. The experiment is made under Motic Bio-Microscope (Motic BA310E) and the videos are recorded using the integrated high-speed camera.
Result
Developing a complete LOC device, which is efficient in detecting parasite, portable and energy efficient is the goal of the work. To achieve this sorting of the bigger cells (beads) is needed which is achieved here. The separator was analyzed through COMSOL simulation and through experimental evaluation. The number of particles or beads presents at the blood and buffer outlet is calculated from simulation and experiment video using imageJ software. Similarly the velocity of beads is calculated using the imageJ tracking algorithm while particle velocity is calculated through COMSOL software. Fig. 3 shows the particle distribution near the RBC outlet for different flow rates. It is evident from the figures that lower the blood flow rate, higher is the particle count at the RBC outlet. At lower flow rates the beads spend sufficient time to experience the pressure difference and drag force to be moved towards the buffer channel [11] . The experiment and simulation results are later compared using independent sample T-test. Statistical result showed T value is greater than 0.05 implying no significant differences between the experiment and simulation findings as shown in table. 1. Hence this project has simulated and verified a microfluidic weir based separation chip for malaria cell separation
The results of simulating the detection zone shows the planar rectangular electrodes separated by 5 µm distance produces the maximum electric field strength of 9.3 x 10 5 vm -1 inside the channel and hence could result in accurate dielectric sensing as shown in Fig. 5 . Our sensor will use least sample, easy to operate, consume less power and provide the advantage of single cell examination. Also the dielectric sensing of sample will be fast and accurate, yielding the screening of at least 500 cells per second [5] . The rapid analysis of data collected could greatly reduce the diagnostic time and favourable at endemic atmosphere. 
Conclusion
A completely portable biosensor to detect malaria parasite at its early infectious stage and also to identify the amount of parasitemia is much needed in rural setup. Impedance based malaria detection system with an integrated pre-cell sorter is proposed to meet this demand. The current work has modelled and verified a microweir based separation system using beads to represent infected blood cells. Simulation has also been carried on electrode geometry to calculate the electric field distribution inside the microchannel. Future work will concentrate on the sensing
